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ABSTRACT 
We report on the design, modeling, fabrication and testing 
of a new electrothermal actuator allowing for various 
modes of movement and exhibiting large enough forces to 
be usable in a micro-tribotester. The performance of the 
actuator has been simulated combiniig numerical and 
analytical calculations. Experiments have been performed 
in ambient conditions and vacuum. The theoretical results 
and measurements are consistent if the temperature 
dependence of the properties of the polycrystalline Si is 
taken into account. 
actuators [2] are used to provide in-plane motion (Tx and 
Ty translations), necessary for kiction and wear tests. 
With a parallel plate actuator [3] vertical motion is 
generated in order to bring the test surfaces into contact 
and to assure a certain range of normal loads needed to 
study tribological phenomena in different conditions. The 
force needed to separate the test surfaces can be as large 
as hundreds of pN because of adhesion due to extremely 
smooth surfaces [4]. The novel actuator was designed to 
be able to provide the range of forces and displacements 
not only to separate test surfaces but also to measure 
adhesion strength. 
1. INTRODUCTION 2. DESIGN AND FABRICATION 
The spreading of the MEMS devices in various 
application fields has brought the attention of the 
researchers to the reliability issue of contacting micro- 
mechanisms. Tribological investigations on microlnano- 
scale can reveal the contribution of different mechanisms 
[I] to the failure of the MEMS. A micro-tribotester has 
been developed for this purpose, which enables various 
kinds of tribological testing such as adhesion, stiction, 
6iction and wear. To this end the MEMS device must 
consist of reliable micro-actuators, being not only 
p o w e h l  but also easily controllable in each particular 
position. The schematic view in figure 1 shows the 
required directions of motion. Coupled electrothermal 
Tx Tv 
Although the idea of using expansion of resistively heated 
beams is not new [5,6], the novel actuator reported on 
here (figure 2) is a useful tool to provide out-of plane 
motion for different purposes (tribotests, switches, valves) 
due to multiple actuating possibilities. 
The actuator consists of two pairs of parallel-beams, 
which are mechanically connected with a lever but 
electrically isolated to avoid electrical breakdown. Large 
normal force and out-of-plane displacement ranges can be 
achieved by varying the arms of the lever. The 
geometrical characteristics of the actuator that has been 
taken as example for calculations and experiments are 
given in table I. 
Table 1. Geometrical characteristics of the actuator. 
The actuator can provide upward or downward motion 
if only one pair of parallel beams are actuated, the motion 
being defmed by the relative position of the actuated pair 
of beams. It can also work as a crane if both pairs of 
parallel beams are actuated simultaneously, in this case 
the force contribution of each beam to the total force of 
the actuator is identical. 
The actuator consists of Boron doped polycrystalline Si 
" 
Figure 1. Schematic view ofthe micro-tribotester. 
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Figure 2. Sketch of the actuator. 
T deposition thickness 
["C] [pm] Process 
LPCVD 590 2 
LPCVD 850 0.25 
PECVD 300 2 
Legend 
0 SiipolySi n Si oxide I SiRN 
Figure 3. The fabrication process of the actuator. 
(polysi), undoped polySi and Si rich nitride (SiRN). Since 
the lever that connects the parallel beams is made of 
undoped polysi, the SiRN layer on the top of the double- 
clamped beams avoids B diffusion into the lever from the 
doped polySi during high temperature processing. The 
isolation SiRN layer is also enhancing the upwaid 
buckling because its linear thermal expansion coefficient 
at near room temperature is larger than of the polySi. The 
fabrication process is shown in figure 3, the deposition 
techniques and the thickness of the layers are listed in 
table 2. 
Table 2. Materials used for the fabrication of the actuator. 
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Figure 4. Temperature distribution along the beam. 
By equating the calculated and measured out-of-plane 
deflections it was possible to choose the best matching 
temperature dependence of the linear thermal expansion 
coefficient for the polySi from data available in the 
literature [6,8,9]. The best fit for our small grain polySi 
was the dependence given by [SI. The experiments have 
been performed in ambient conditions and in vacuum, A 
micrometer with a resolution of 1 pn was mounted on an 
optical microscope and the deflections have been 
measured by focusing on the middle of the beam before 
and alter actuation. Operating the actuators in a tilted 
position in the SEM chamber allowed measurements of 
the actuation parameters (V, I) and the corresponding 
deflection S (figure 5). Experiments showed that almost 
10 times more power is required for actuation at the same 
performance in ambient conditions than in vacuum, which 
is at very large extent the contribution of the heat loss due 
to convection. We assumed the same temperature 
distribution along the beam for vacuum and air, although 
for different input powers, because there was no big 
discrepancy between the measured maximum deflection 
of the beam in air and vacuum before the failure of the 
actuator occurred (table 4). This difference can be caused 
Figure 5.  Deflection measurement in the 
SEM chamber (vacuum). Tilt angle 60". 
by the measurement errors with the micrometer, though 
the airflow can significantly change the temperature 
distribution along the beam [lo]. 
Table 3. Material properties for preliminary simulation. 
polySi 1 169 I 0.22 I 2.3.10" I q(gT) I 16 
SiRN I 300 I 0.25 I 1013 I 3.106 1 2.7 
Table 4. Deflection of the middle of the beam. 
Data I vacuum I air I calc. 
Max. deflection [pm] I 11 I 13 1 11.7 
The length change of the resistively heated beam is: 
where L is the initial length of the beam which has been 
discretized in k segments, Ts is the temperature of the heat 
sinks (clamping and contact pads), Tloc is the local 
temperature of the segments and a(Tloc) is the 
temperature dependence of the h e a r  thermal expansion 
coefficient of each particular segment. In these conditions 
a 300 pm long polySi beam expands at most 1.2 pn for 
the temperature distribution given in figure 4. The length 
change causes buckling of the double-clamped beam, as a 
consequence an 1 1.7 pm out-of-plane deflection results, 
which is in good agreement with the maximum deflection 
measured in vacuum. 
Increasing trend of the electrical resistance has been 
observed raising the actuation power, but the resistance 
dropped after a certain power limit has been exceeded 
(figure 6). This particular behavior has also been noticed 
for other electrothermal actuators reported in [2]  and we 
observed that the peak-region is closely related to plastic 
deformation. Operating the actuators on the decreasing 
branch will always result in plastic deformation. The 
structure of the material changes due to very high local 
0 5 IO 15 0 50 100 150 
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Figure 6. Resistance change with actuation power. 
(a) vacuum, (b) ambient conditions. 
105 2003 Design, Test, Integration 8. Packaging of MEMSMOEMS 
S. Deladi, G. Krijnen andM.C. Elwenspoek 
Parallel-BeamdLever Electrothermal Out-of-Plane Actuator 
temperatures and by cutting the power the actuator does 
not regain its initial neutral position. The plastic 
deformation becomes more and more prominent if we 
increase the power until the actuator fails. 
The temperature dependence of the electrical 
resistivity of the polySi has been determined (figure 7) 
fiom a self-consistent numerical calculation based on the 
simulated temperature distributions, the measured 
actuation voltages, current intensities and corresponding 
deflections in vacuum. It is important to mention that this 
might not be the only solution, small deviations fiom the 
determined curve are possible. 
200 6uO 1wO 1400 1800 
Temperature [K] 
Figure 7. Temperature dependence of the 
electrical resistivity of polysi. 
Taking into account the resistivity-dopant concentration 
graph [ 111 we can estimate the number of Boron atoms 
dif ised into the polySi layer during Solid Source 
Dotation, since the resistivity of the polySi approaches the 
resistivity of the single-crystal Si at high dopant 
concentrations [12]. For a 15 minutes re-activation of the 
boron nitride source wafers at 900°C and 80 minutes 
soaking at 1050°C, the estimated B concentration in the 
polySi was about 1.S~1020 atomdcm3. 
By equating the measured deflection with the FEM 
LO CI 
0 50 100 I50 200 250 
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Figure 8. Power-displacement characteristics of the 
beam: a - in vacuum, b -in air without lever; c - in 
air with lever. 
simulated one resulted from the application of a normal 
force in the middle of the beam, we determined the 
maximum force that the actuator is able to provide in the 
starting (neutral) position. This force is 89 pN for each 
beam. Although the thermal conductivity of the LPCVD 
SiFW is two orders of magnitude lower than of the polysi, 
testing revealed that the same temperature distribution has 
been reached for higher electric power for parallel beams 
connected to the lever than for the not connected ones. 
The electric power/displacement characteristic (figure 8)  
shows that there is heat dissipation into the lever. The 
melting temperature is reached at 26 and 20 V DC 
respectively. 
Having the force of the individual beams, the actuation of 
the parallel beamdlever actuator has been simulated with 
FEM. Three operation modes are possible: upward (figure 
9), downward actuation of the tip (figure 10) and by 
actuating simultaneously both pairs of parallel beams a 
crane-like motion can be obtained. If only one pair of 
parallel beams is actuated then the other pair acts as a 
spring, not as an articulation for the lever. The downward 
actuation of the tip is limited by the fabrication, the 
Figure 9. Upward actuation. 
&.  . .  
i 
Figure 10. Downward actuation. 
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magnitude of the motion is determined by the thickness of 
the sacrificial oxide, which was in OUT case 2 pm. We 
observed that this operating mode could he successfully 
used for closing and opening micro-valves due to the large 
force and flexibility of the polySi lever, however M e r  
investigations are needed in this direction. For the upward 
actuation a maximum tip deflection of 28 pm has been 
measured with the micrometer, while the crane-like 
actuation can provide a tip deflection equal to the 
deflection of the beams (-12pm). Large deflection and 
force ranges can be obtained by varying the ratio between 
the lengths of the arms of the lever. Testing of an 
embedded actuator in the micro-tribotester (figure 11) 
showed that smooth surfaces having the size of 20x20 pm2 
were pulled off easily after they had been brought into 
contact by a parallel plate actuator. 
Figure 1 1 .  SEM photo of an embedded parallel 
beamsflever actuator in the micro-tribosensor. 
4. CONCLUSIONS 
An actuator has been designed and fabricated, which 
provides large deflection and force ranges for applications 
requiring either downward or upward motion. 
Theoretical and experimental results are in good 
agreement if the temperature dependence of the properties 
of the materials is taken into account. 
There is a huge power loss due to convection in 
ambient conditions. 
Embedding the actuator in complex MEMS devices 
has been made possible and preliminary testing showed 
that the actuator is able to provide the designed motions at 
the expected performance. 
5. FUTURE WORK 
The quantification of the adhesion strength in various 
conditions will be done as well as testing for other 
applications which require large deflection and/or force 
ranges. 
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